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REVISIT OF AR IRVESTIGATIOR OF CERAMIC COATINGS FOR META LI, IC TURBINE PARTS 
AND OTBER HIGH TKyEPERATURS APPIJCATIOKS 
By ¥» R. Harrison, D. G. Moore ^ and >T, C. Richmond 


SU1,^MARY 


This investigation ■was 'undei’takeii in an exfoi'’t 'bo develop ceramic 
coatings that will prolong the life of alloys used in turbines, especial- 
ly the blades, or permit their ties at higher temperatures than would 
otherwise he practicable. In ox’der to establish whether or not protective 
coatings can be developed that will effect such improvement, the following 
steps were taken; Refractory frits of high thermal e.cpaiiaivity were de- 
signed and smelted, various refractory admixtures vrere incorporated in 
different amounts, atad the coatings were supplied and fired at different 
temperatures on several alloys supplied for the work through the NACA. 


Coated specimens were heated at high temperatures in air without 
load, and evaluation for further study was made on the basis of adherence, 
resistance to fl&-kiiig, protection of the alloys against oxidation as in- 
dicated by increase in -weight, and resistance of the coatings to deterio- 
ration as indicated by periodic microscopic examination. High- -temperature 
treatments were also made ■under load in air, and in oxygen and steam. 

Some trea-tmxents consisted of prolonged application of load at high 'cem— 
peratures follo-wed by tensile testa at room temperature or at high tem- 
nerature. In some cases stress— ruptui’e tests were made. In addition, 
greatly accelerated test conditions at high temperatures witho-ut load were 
achieved thxTOUgh the use of highly corrosive a-tmospheros, HgS being no- 
tably effective. 

These studies have so far led to the selection of several promising 
frits from over a h’ondred that were prepared and several premising coat- 
ings from numerous ones prepared by various refractory mill additions to 
these frits. It was fovind that some of the coatings will withstand 5C0 
hours in air at 1500° F with little visible change, while serving to 
eliminate or greatly reduce the oxidation that occurred on xuicoated al- 
loys, which received the same trea-tmsnt. The high-temperature load tests 
indicated that, at loads sufficiently low to permit a life of the alloy 
beyond 600 hours, some of -the coatings had a significantly beneficial 
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effect. It waB also found that scsao of the coatincs peinitted an.oys 
S -816 and S -590 to retain e-pproxlmateij" their "initial 0.2— percent offset 
yield value under conditions that ajjnoet conpletely corroded the uncoatad 
alloys, n6ir.e.'Ly, heating in an H^S ataosphere at 1350^' i' for prolonged 
periods. 

The miGroscopic oxeminabicu of treated speciaiens indicated the im-- 
portanoe of wording toward the elimination of pores or other discontinui- 
ties in the coatings, seme of which are connected with the evoiiution of 
gae at the surface of the alloys whiio the coatings are heing fired. 


nJTROriUCTION 


During 1942, a study was hegun at the National Bureau of Standai'ds 
to develop a ceramic coating that could ce used to protect ordinary steel 
exhausn stacks which operate at temperatures up to a red heat end are 
cuh.lect to gniok heating and sometimes to sudden coclin^j hy rain or other 
^■ra-ter. A thin oeramio coating for steel of the SAE 1020 arid similar types 
to De used at temperatures up to 1250*^ E met these drastic req\;.ir6ments 
without Significant damege and was presented to the aimed services in 
August 19^3. Suosecuentlj'', following auitahl© service tests, Ai’iry— Na.vy 
aeronautical specifioatioris and Army Ordnance Department specifications 
were promulgated which called for the characteristics of this coating, 
and it was used on the exhaust pipes of amphibious trucks and also on 
the exhaust stacks of several models of aircraft. The success of this 
development sei'ved as a foundation for increased interest in the develop- 
ment of ceramic coatings for heat resisting alloys. 

In May 1944, under tlie sponsorship and with the financial a3sistan.ee 
of the National Advisory Committee for Aeronautics, the design, construc- 
tion, and asf?em.bly of equipment to be used in development work on coatl/igs 
for turbine blades and similar uses was begi-in at the National B'ureau of 
Standards. The present report gives, in brief siuimiary form, the progress 
of the investigation through December 1945, 


DESCSIPTICN OF EQUIPMENT 
Preparation and Application of Coatings 


Gas-fired pot furnances suitable for crucible batches of 2000 to 
3000 grume were used for smelting all the frits. A gas-fired rotary fur- 
nace for batches of 35 to 50 po’unds was used to smelt larger quantities 
of the frits selected for the more e.xtenolve tests. Smoltiiig temperatures 
were controlled manually with the aid of an optical pyrometer . 


NACA TN Noc 1186 


3 


One-gellon jar jaills and five-gallon ball mills, as needed, were used 
for grinding the coatings o A laboratory- type sand-blast cabinet was used 
for cleaning the alloys prior to application of the coatings r. This equip*-* 
ment was opei'ated with an air pressure of 30 psij, the blasting medium be- 
ing 60 mesh glass sando The coatings v/ere usually applied by sprayingo 
An electrically heated drier with forced warm-air circulation v;as used 
for drying the coatings after sprayingo An electiic furnace v^es used for 
firing tne specimens, wliich v/ere suspended from a nickel -chromium rack for 
the purpose, and a recorder - controller was used to maintain the furnace 
at the desired temperatures ^ 


Testing of Frits 

A Fizeau-Rilfrich inter fercmoter (see reference 1) was used for deter- 
mination of the thermal expansion and softening point of the frits and 
coatings o 


Fusion blocks were used to study the flew characteristics or refrac« 
toriness of the various frits® A description of the method and equipment 
is given in a publication of tlie National Bureau of Standards (reference 

2)c 


Treatment of Specim.ens 

Equipment for heating specimens in air without load®- The furnace 
used ToF"To ng - time'T) e" a^Tng n air without lead was electrically heatedc 
A recorder-controller was used for obtaining constant temperatures within 
the range 1000^ to 2200^ F* The dimensions of the specimens subjected to 
this treatment v;ere approximately 0.05 by 0.8 by 2 inches, as shown in 
figure 1(a). 

Equipm.ent for treating specimens at high-temperature under load.- 
Six resistance- type tube furnaces with individual temperature controllers 
were used* Temperature distribution over the gage length of the specimen 
was regulated by three variable transformers connected with separate sec- 
tions of the fui-nace winding. Temperature measurements of the specimen 
were made by means of two thermocouples, one at the shoulder above the 
neck and one at the shoulder below. The two v;ires of each thermocouple 
were spot v;olded to opposite sides of the specimeuc The temperature of 
each specimen as indicated by these thermocouples was held constant 
during the test to within +5^ F. The specimens Y^ere 20 inches long to 
permit gripping outside the furnaces (see figo 1(c) ). Figure 2 shews 
the furnaces and parts of the lever system for applying controlled loads 
to the specimens while heated. 
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Equipm en t for contro lle d-ataiosphere tests .- Trro resistance— type 
vitreo;i8-silica-tube furnaces were used for c on tr oiled-atmosphere heat- 
ing tests. The inside diameter of the fused silica tube was 2 Inches 
and a platinum hanger was so arreuiged that eight tensile specimens O.O 5 
hy 0.8 hy 9.0 inches (see fig. 1(h)) could he suspended in parallel for 
test. 


Tight fitting Pyrax glass end-caps with appropriate fittings were 
sealed to the cool ends of the impervious silica tube. During testing, 
gas was fed into the furnaces from storage tanlcs, the rate of flow being 
regulated hy rceans of a pressure reducer and needle valve. The tem- 
perature inside each furnace tube was automatically controlled and re- 
corded with the aid of a platinum, platinum— 10-percent—rhodium thermo- 
couple inserted through a sealed Joint at the top of the furnace. 


Examination and Testing of Treated Specimens 

The room-temperature tensile properties of treated specimens were 
determined on a Elehle pendulum— type, hydraulically operated testing 
machine, equipped with an automatic stress— strain recorder. The specimen 
was stretched at a rate of approximately O.O 3 inch per minute until 0.4- 
to 0,6— percent elongation had. occurred, in the 2— inch gage length, after 
which the rate ws,s increased to 0.1 inch per minute until failure. 

Tensile tests at high temperatures were made with a Southwark-Tate— 
Emery testing machine, used in connection with a furnace wo'und and con- 
trolled similarly to those shown in figure 2. 

A binocular microscope with magnifications up to 120X and a petro- 
graphic microscope , arraxiged for oblique illumination so as to function as 
a metallurgical microscope, were used for exauiination of the specimens. 
Photomicrographs of selected specimens TOre made with the petrographic 
microscope. 


E3CPEEIM2NTAL PP.OCEDuRE AI© ESGULIB 
Formulation of Frits 


Frits are the glassy constituents of the csremic coatings and act 
as binders for the more refractory constituents. In order to produce 
coatings that would adhere to the high— expansion alloys and at the same 
time withstand the high operatirg temperatures, it was necessary to devel- 
op special frits with higher coei’ficients of thermal expan.sion and greater 
refractoriness than those ordinarily used in enameling operations. The 
difficulty in accomplishing these two modifications in properties simul- 
taneously lies in the fact that, as a general rule, the chenges in 
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compositicn that con tribute to the one detract from, the other. Weverthe— 
leso, by departure from conventional compositions it uas possible to 
change both properties in the desired direction. 

The four basic frits used as original points of departure in this 
development wei'’e (l) frit 11, a typical "hard" coiomercial-type ground- coat 
frit, (2) frit 226, a ooiomercial— t;ype ground-cost frit that was very re- 
fractory, but low in thermal erpansivity, and ( 3 ) and ( 4 ) two special 
frits, 98 and 104, outside the ccmnercial range. 

The refractoriness was increased by mailing systematic additions of 
titania, silica, and feldspar, and by malring substitutions of alumina 
and fTacrspar foi' soda in the base composition. The expansivity of the 
refractory frits developed by these msthods was increased by substituting 
lead oxide for boric oxide and titania for silica, Tlie computation of 
chemical ccmposiulons of the smelted frits from the raw batches was sup- 
plemented by chemical analysis, fcr which the improvement of existing 
methods was involved for several constituents in these rmny- component 
sj'‘stems. More than 100 different compositions of frits have been smelted. 

Selected frits were tested for thermal expansion with the i7iterfer— 
cme ter (reference 1) and for refrac tern ness ■vrith fusion blocks (reference 
2). These two tests served ns a basis for further selection, the most 
promising frits being given fvirbher test by trials in antuaj. coatings, 
with vai’ying kinds and amounts of other constituents. Four of the frits 
selected for more exhaustive tests, with various admixtures to form coat- 
ings, were 228, 256, 261, and 269. 


Formulation and Application of Coatings 

The formulation of coatings consisted essentially of blending the 
specially de’'’’eioped frits with varying refractory ceramic admixtures. 

Other mill additions besides the refx’actcry admixtures were 

clay, water, and electrolyte. The time of grinding was controlled to 

govern the average particle size. 

Among the ceramic admixtures tried were alinrdna, chromium oxide, 
cobalt oxide, manganese dioxide, nickel oxide, 3 nagn.esiiira oxide, calcium 
silicate, calcium chromate, and calcium fluoride. The first three of 
these, singly and in combination, gave most promise; most of the others 
gave coatings having some characteristics that ma.de them undesirable, 
such as lack of chemical stability, water solubility in the ball milling, 
or reaction with the base metal. 

All coatings, after ball milling to the proper fineness, were applied 
by spraying to thicknesses of O.GOl to 0.004 Inch onto the cieanod alloy 
surface. After spraying, the coating was dried at 230'^ F, after which it 
was fired. 
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The alloys to “vhich the coatings were applied moi’e extensively are 
included in the following list: 19 ~SQI,, Inconel, 2520, 2520 + 2^31, 
i8-8t'Ti, S8l6, S--590, end l8-8 type 304. 

Al’’3[’lmira--cxide admixture.- Api>roxiraately l40 coatings were prepared 
with various grades of aitmlniaE oxide as the principal refractory aduiix- 
tiire. ?crt.y different frits vere used in this group of coatings, and the 
amount of e.lianlna added varied from 20 to 60 percent of the total vaight 
of frit plus alxmiirie.. The firiiig temperatures ranged fi’cm 1550° to 2300*^ F, 
depending hoth on the refractoriness of the coating and the degree of vit- 
rification sought in the ceramic coating. 

Among the most premising coatlrigs with alumina as the chief ad.mixtu 3 r© 
were the following : 




Alumina 



content 

Coa-Qing 

Frit 

(percent) 

L-2A 

261 

25 

L-4 a 

261 

36 

l--6a 

228 

25 


Comibinations of alumina with other cxides also gave several premising 
coatings. Of the 66 coatings of this type, composition L-5AC was among 
the most promising. This coating is an alumina — chromic— oxide ccmhlna— 
tier containing 'JO percent frit 2bl, 20 percent A— 1 alumina, and 10 per- 
cent chromic oxide . 

Chromic- oxide a dmixture .— In a series of coatings using commercially 
purs chrciiiic oxide with frits 228, 256, 26l, and £69, two ccatii:gs were 
selected as among the most premising. TlieBe vere A-305 and L-7C, both 
of which contained 30 percent CrgOa, tho A-305 using frit 269, and the 
L-7C, frit 228. 

Cohalt—cxide ad mixt ure.— Although cobalt oxide is less refractory 
than AI2O3 or Crs03, it vras used in a series of coatings ^Tith frits 228, 

261, 256, and 269, These coatings were found to be outstanding in their 
resistance to chipping during long-time heating tests in air. The follow- 
ir^g are examples of these coatings; 


Coating 

Frit 

Cohalt— 
oxide content 
(nercent) 

A-295 

228 

50 

A— 189 

261 

50 

A-309 

269 

50 
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Eigh-Temperatiire Ti’eatment in Air vithout Load 

In the devoj.opmeut work on coatings, it was found that the majority 
of the coatings when first prepoTed had a good appearance and gave gcod 
coverage of the metal. When these coatings were heated for long periods, 
however, at a temperatui-e of 1'500° F, maiiy of them changed cousiderahJy in 
appearance and seme eventually flaked off the alloy. A treatment of 5^0 
hoin.-s at this temperature in air ^ras found sufficient to give an indication 
of which coatings should he chosen for more exhaustive study, T}-.e test 
was made in an electric ftirnsco and the specimens subjected to these tests 
(see fig. l(a)) were removed and allowed to cool each 2k hOTJrs so that 
thermal gradients ■vroald accentuate any tendencies of the coatings to chip 
or fiaJee off. 

Inspection of specimens, which was made periodically, consisted of an 
examination haced on (a) freedom from chipping, (h) changes in appearance, 
(c) changes in microstructure of the coatings, and (d,' changes in weight. 
Any specimen on which the coating had chipped appreciahly when Inspected 
was withdrawn from the tost withc’it. further treatment. 'Ihe other- chaxiges 
were notod, cut did not necessarily eliminate the coating from fxxrther 
consideration. 

rhering the 500 hours of heating there were conslderehle changes in 
micro structure cf some of the coatings, whereas others shewed little or 
no change. Photomlcrogro.phs of the same field on selected specimens were 
tsiken at 120 magnificatio-n before treatment and after 200 and 5Ck' hours, 
respectively. I'iguro 3 shows three such vie'MS of coating I/-6A on alloy 
S-f590, which is an example of a type of coating that shewed considerable 
deterioration during heating in air at 1500° F. Figure 4 is a serios of 
photomicrographs of coating A- 3 C 9 applied on alloy S-- 816 , which is an 
example of a coating type that showed no appreciable change in the micro— 
B-tructure during the 500--hc'ur heatiiig treatment in air. The only visible 
change that occurred with this epeclraen -was a small decrease in glossiness 
from a slightly glossy original condition, Fig-ur’e 5 represents coating 
L-fA-Cas applied on alloy S- 816 , and illustrates the unusuol property of 
self-sealing of discontinuities that were initially present. 

For the specimens that did not undergo appreciable chipping and con- 
sequent vitiation of the slgniiicanoe of the results, a comparison of the 
gains in weight of mcoated specimsne and the data obtained by weighing 
the coated specimens before and periodically durir.g the heating tests 
indicatod the degree of protection afforded the alloys against oxidation. 
Figure 6 shews change— in— w^eight curves of the seven uncoated alloys in- 
cluded in the latest test. Figure 7 shows similar curves of two specimene 
having coating L-4A fired to differe’it stages of vitrification and an un— 
coated specimen of alloy S— 590. The average thickness of the 1 t-4a coatings 
was approximately 1 mil while that of the scale or oxide film on the bare 
alloy was about 0,3 mil. The advantage of the more vitiified (less porous) 
coating is demonstrated in this figure. 
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The heatinf^ tests at I'jOCP F in air In all cases indicated the Impoi- 
tance of the thermal er-pansion of the alley in relation to that of tbs 
coating. The coatings that had a tendency to chip in^jariaoly chipped first 
on the alloys with high thermal ejq^ansivity . The alloys showing the great- 
est tendency to produce chipping In the coatings were 2520 , and 

l8-^, while those of lower expansion that did not cause the same diffi- 
culties from chipping were Inconel, S- 59 O, and S~8]6. 


High-Temperature Treatmant under Load in Various Atmospheres 

Several combinations of conditions and test methods were tried in a 
search for those that would yield maximum infoimation in the shortest 
test period. Experiments confirmed that the heat treatment which the 
metal received during the coating process had a distinct effect on the 
tensile properties cf the metal, as shovm In tables I and II. For each 
specimen coated and tested, therefore, an unconted specimen was given as 
nearly identical heat treatment as possible. The uncoated companion speci- 
men was treated in the same manner and at the same time us the coated speci- 
men. 

Tlie metal IQ— 9 ~Do was used in the earlier tests, upon reccmmendatlon 
of the NACA. The initial prcced’ure was to hold each specimen for a given 
period of time at a constant temperature, under constant load, after which 
the specimen was removed from the furiiace and broken in tension at 1350 F. 

The results of a series cf such tests on coated and uncoated specimens 
of allcyl 9 - 9 -NL are given in table I. Probably the nest striking difference 
between the coated and uncoated specimens is indicated in the last column 
of the table, which evaluates a phenomenon designated as a saw-tooth effect. 
This difference is illustrated in figure 8 , The appearance of these speci- 
mens suggests that an intergranular corrosion may have occurred on the un- 
coated speclmeriB but that it was prevented or retarded on the coated speci- 
mens, In every case, coated specimens in table I received an "A” rating, 
indicating a virtual absence of the saw-tooth effect. The ratings for the 
uncoated specimens varied from "B" to "t'’, the rating appearing to 00 af- 
fected to some extent by the firing treatment to which the specimen had 
been subjected prior to the high— t.emp 6 rature long-time leading, Uni’ired 
speciunens and those fired at 1650 '"^ F received, in general, poorer ratings 
thsn those fired at higher temperatur'es . daba in table I all apply 

to only one alley, however, and, tal:en in connection witti other data, 
are not considered conclusive. 

It v;as thoight that stress— rupture tests might bring out the effect 
cf the coatings but, since the eq^uipment shown in figure 2 was not suit- 
able for such tests with moat alloys. It -was necessary to use an alley 
which would fail with litble elongation, and 'che 2520 alloy was selected. 

By reference to table III and figure 9 it can be seen tliat, in air, the 
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driviijg the tia-^hine in a Jet-propelled plane muet he heterogeneous and 
douhtless have fluctuatliog tendencies towai'‘d reducing or oxidizing condi- 
tions at an/ given location in the system. The question of erosion^ due 
to the high velocity of the gases relative to the turbine "blades aiid to 
any solid matter that imy he carried in the gas stream, is one vhich caio 
he suitab.fy talren into account only hy tests made under dynamic conditions, 
With respect to the tendency of the atmosphere toward oxidizing or reduc- 
ing conditions, however, the treatments in oxygen and in hydrogen siilphlde, 
vhich ware used in this study, doubtless include the extremes of the range 
enccuntered in practice. It appears probable that coatings which protect 
the alloys veil in these extreme atmospheres will also be effective in 
any atmosphere encouiitored imder service conditions. On the other hand, 
it is not necessarily true that coatings which fail to give complete, 
prolonged protection of the alloys at high temperatures in atmospheres 
of H 2 S and O 2 will also fail to do so under service conditions. The 
advantage is that acoeiorated tests, a term applicable especially to the 
H 2 S treatraents, permit the testing of a number of coatings within a rea- 
sonable period of time. From the information thus gained and a due con- 
sideration of the limitations of the acoeiorated test methods, it is 
believed that a basis will be afforded for selection of the comparatively 
few coatings which wl.ll be practicable to test in actual turbine instal- 
lations „ The possible value of insulating coatings that would permit 
higher gas temperatures without increasing the operating temperature of 
the turbine blades is net to be over] coked. It is apparent that the 
relative effectiveness of the coatings in protecting different alloys 
varies from one alloy to another. This fact emphasizes the importance 
of including in this study the alloys most used and most promising for 
future use in turbine blades. 


CONCLUDH^^G mMPSKS 


Data sc far obta.ined indicate clearly that some ceramic coatings 
provide a high degree of protection for high— temperature alloys ixi a 
strongly corrosive atmosphere at elevated temperatures. The change- in- 
weight curves Indicate that at least some coatings are capable of prevent- 
ing or greatly retarding surface oxidation of the alloys in air at 1500^ F 
for at least 5 OO nours. S tie ss— rupture tests indicate that at loads low 
enough to ensure a life of over 6 OC hours for tlie uncoated alloy specimen, 
some of the ceramic coatings add significantly to the time required for 
failure. In an atmosphere as corrosive as E 2 S several of the coatings 
tested provided such effective protection that alloys S- 59 O and &-8i6 
retained approximately their initial 0 . 2 -percent offset yield values in 
high-temperature treatments which almost completely disintegrated uncoated 
specimens . 
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Test procedures have been established^ and indications which have 
been obtained as to the causes of failure of the coatings give promise 
of substantial further pi-cgress in the development of protective ceramic 
coatings . 


National Bureau of Stendards, 

Washington, D. C., January 22, 19^6. 
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19-2-90B) ware virtually coiTc’oded through in 189 hours of treatment. All 
the coated epscimens of S -590 treated simulteneously in the same furnace 
did not decrease in yield value, as may he seen hy comparison vith the 
valv.es for specimens lSh-1, 19^; aiid 19~5 iJ^ table II. The heat treatment, 
in fact, tended to give a moderate increase in yield value accompanied by 
a decrease in ultimate strength and a marked drop in elongation. 

The fact that sealed coatings are more effective than poroxis ones is 
brought out in table IV (specimens l3— 3 to I 8 — 6 and especially 19~3 to 
19~6). Coating HpAC vas fciovn to be very porous, axil L-YC tightly sealed, 
at least at tlio beginning of the treatment. The gr-eater effectiveness of 
coating Ir-7C in protecting the alloys is apparent from a comparisoii of 
the tensile properties of the specimens after treatment. 

Figure 10 shovs the specimens of alloy S-590, coated and unccated, 
that vere treated in an atmosphere of HgS for I 89 hours at 1350'^ F. At 
the left are the uncoated specimens vhich "were almost corroded Lhi'oughj 
one of them broke of its own weighu dixririg the treatment. Tne coated 
specimens show increasing degrees of pi’otection from loft to right. 

The attack through coatings A — 189 and A-3C5 took the form of tnber- 
oules, consisting probably of sulfides of the alloying elements, and. these 
are appai’ant in flgixre 10 as white specks. Very few of them, if any, are 
visible on coating L--2A, The specimens with coating A — 305 shown in figure 
11 offer a favorable opportunity for a study of the mechanism of the attack . 
The locations of the tubercules on these specimens correspond to the locar- 
tions of discontinuities in the coating, which were visible under the 
microscope before the HgS treatment and vhich appeared to result from gas 
evolution during firing of the coating. Figure ll(a) shows the appearance 
of coating A-30h at a magnification of 3 OX before the tubercules had be— 
gui'j. to form; 11 (b) shows the early stages of tubercule formation and ll(c) 
a mere advanced stage. With continued Treatment, growth of the 'nodules 
continues. The selective attack on the mebal is illustrated in figures 
12 (a) and 12(b), which sre photographs takven at 3CX af'ber the ccatir.g 
Tras removed by sandblasting, Figvire 12(a) corresponds to 11 (a), and 12(b) 
to 11 (c), Figure 12(b) shows ca'/ities resulting from selective attack 
where discent'-inuities occurred in the coauing. Figure r2(c), -which is a 
photomicrograph of coating L-2A a.s shown in figure 10, illustrates the 
appearance of a coaping that gave successful protection of the alloy 
against the attack by H 2 S at 1350^' F. Figure 12(c) should be contrasted 
with figure 11 (c). 


ANALYSIS AND DISCUSSION 


T}ie service conditions t.laat turbine blades are required to withstand 
are hardly subject to duplication in static laboratory tests. The gases 


MCA Tn Wo. 1186 


9 


coated specimens troke somewhat sooner at the hjgh loads, tut for the 
stress range withiii vliich the alloy might he used, this relation was re- 
versed, A ''knee" in the stress-rupture curve for the uncoated metal oc- 
curred at 168 hours, while for the coated specimens none had occurred up 
to 672 hovirs. The values for the L-6 a coatings euii the uncoated companion 
specimens are not comparatle with those ha^'^'ing coatijig L-7C as the firing 
temperauures for applying the coatings were different. 

Stress- rupture teats in steam and orygen were also made. The results, 
given in table III, indicate an advantage to the coated speciiaenB under 
the lead conditions so far tried. Additional data will be req,uired, how^ 
ever, before definite conclusions can be drawn. 


High-Temperature Treatment in Various Atmospheres without Load 

Tests ma.de to secure data, on the relative effectiveness of diffe.rent 
coatings in protecting alloys heated in air are time consuming. Coatings 
that deteriorate or flake off may be discarded, but when the coatings do 
not appi’eciably deteriorate in, for example, ^00 hours it is difficult to 
evaluate the protection they offer if the alloys themselves are resistant 
to deterioration at high temperatures in air. In order to obtain a more 
positive indication of the effectiveness of the coatings in protecting 
the alloys from tlae surrounding atxioephere, while at the same time I'educlng 
the time required to obtain such data on each coating selected for testing, 
it was decided to treat some of the specimens in an atmosphere that would 
be highly corrosive to the uncoated alloys. 

Preliminary comparative tests were made of uncoated alloy specj-roens 
at 1350° F i.n atmospheres of air, oxygen, hydrogen, carbon monoxide, car- 
bon dioxide, water vapor, chlorine, sulfur dioxide, and hydrogen sulfide. 

Of these, the sulfur gases were found to be more corrosive than any of 
the others. Hj’’drogen sulfide was considerably nor© corrosive than sulfur 
dioxide and was selected for use in most of these tesxs. 

It was soon apparent that in an atmosphere of hydrogen sulfide at 
1350° F all the ceramic coatings tested afford some protection to the 
metal. In table IV it can be seen that the coated apocimons after treat- 
ment had tensile properties superior to those of the corresponding uncoated 
specimens . This effect is conspicuous when specimens 16— 1-86 and I8— 2-87, 
which were uncoated alloy 3-8l6, are compsired with coated specimens of 
the same alloy treated simultaneously for kjl hours at 135^^® F in HgS. 

The \mcoated speclmans were completely corroded and specimens with coating 
A-189 C18-I-85B and 18-2-85B) retained over half of their initial strength. 
The other two pairs of specimens in this group, coated with L-2A and A— 305, 
respectively, retained approximately their full initial yield value, as 
car, be seen by comparison with values given in table IT for specimens 
18—1, 16-4, and 18—5. Uncoated specimens of alloy S~i)90 (lSh9CB and 


me A TN No. 1186 


].3 


APPENDIX A 


The following data concerns' ng the thermal hintory of certain alloys 
used in this sti^dy wore furnished hy the manufacturers.’ 

"The S-^90 and S-816 material was hot rolled at 2150/2200° F, annealed 
25 minutes at 2l80° F, air cooled, sandhlasted, scruhted, cold rolled one 
pass, huchlod and sheared. 

"The 2520 + 2^ Si material was hot rolled 2G8 o/ 2100° F, annealed 
2150® F 10 minutes, and xrater quenched, sarxdhlasted, scrufbed, cold rolled 
one pass, tucklcd and sheared. 

"All of the incoixel was furnished as standard cold rolled, soft temper, 
plain finish quality. The material received the following thermal treat- 
mez'it after final cold redaction: 

(a) Soft annealed in natural gas fired continuous furnace for approxi- 
mately four (4) minutes at temperatures of 1850-1900° F; 

(h) Furnace cooled from annealing temperature to approximately 300° F 
in eleven (ll) minutes end then withdrawn to air; 

(c) No solution treatment lior subsequent aging treatment was used," 
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TABIE I-~ RESULTS OF 172 --HOUR TREATMENT AT 1350° F UNDER LOAD OF 
5 KIPS PIS SQUj\RS inch, AND TENSIIl TESTS FOLLOVJTNa SOCH TREATMENT ON 
COATED AND UNCOATSD SPECIMENS OF ALIOY 19-9CD 


Spec- 

imen 

Coat- 

ing 

Cage 
length'’- 
(in, ) 

Fired 
5 min 
at 

(Op) 

Test 
no » 

Elongation in 
]cad test _ 

Tensile 
at 1350 

test ^ 
° F 

Jo . 2— ■per- 
cent off- 
set yield 
strength 
(ksi) 

Saw— 

•booth 

rat- 

ings'^ 

Over- 

all 

total 

(in.) 

BetvTeen mai’ks 
total ^ 

(in. ) 

(per- 

cent) 

6-9 

L-7C 

4.5 

1650 

3 

0.25 


— — 

19-3 

A 

6-B3 

None 

4,5 

1650 

3 

.50 



"18.3 

C 

6-1 

A— 1891 

4.-5 

S 1700 


.19 



20,4 

A 

6 -b 4 

None 

4.5 

° 170c 

4 

.38 



20.5 

C 

6-4 

L-9AC 

4.5 

1850 

5 

.09 



21.7 

A 

6-B5 

None 

4.5 

6 1700 

5 

.19 



21.6 

D 

6-EO 

-do— 

4.5 

Unfired 

6 

.25 



— 

(^) 

3 

6-B8 

-do-.. 

4,5 

].850 

6 

0O9 



21.7 

C 

6-29 

I-7C 

4.5 

1650 

7 

.451 

0.4l 

9.0 

19.9 

A 

6-7E 

None 

4,5 

1650 

7 

,365 

.33 

7.2 

19.0 

C 

6-2C 

L-9AC 

4,5 

1850 

7 

.051 

.03 

.7 

21.6 

A 

6-c® 

None 

4.5 

1850 

•V 

1 

.055 

'(8) 

— 

22.3 

B 

6-37 

A-189 

4.5 

®I700 

8 

.284 

.27 

6.0 

20.9 

A 

6-IOB 

None 

4.5 

165c 

8 

.232 

.18 

4.0 

20.9 

D 

6-16 

H-5AC 

4.5 

1800 

9 

.286 

.26 

5.8 

21.3 

A 

6-16B 

None 

4.5 

1800 

9 

.200 

.19 

4.2 

21.1 

B 

6-23B 

-do — 

4,5 

Unfired 

10 

.432 

(s) 

— 

20,4 

C 

6-62B 

-do' — 

2,25 

— do — 

• 10 

.345 

(s) 

— 

22.2 

D 

6-52 

L-9AC 

2.25 

1850 

11 

.019 

(8) 

— 

22.8 

A 

6-52B 

None 

2.25 

1850 

11 

.071 

(8) 

— 

24.0 

C 

6-21B 

1 "do — 

4.5 

].b50 

l4 

.346 

,30 

6.7 

21.5 

D 

6-6CB 

1 -do— 

2.25 

165c 

l4 

.146 

."il 

4.8 

21.3 

0 


^Nominal length of the parallel elded neck "between ehouldera. 

^ Marks were made at or near shoulders and Include at least 1 in, more 
than the nominal gage length. They were placed in this position to avoid 
the possibility of obliteration by chipping of the coatings as a result 
of stretching in the neck. The in. /in, value is computed by dividing the 
total elongation between marks by the nominal gage length (4 in. ) on the 
assumption that the stretch occurred there. 

3 Ultimate strengths are not given because, under the conditions of 
these tests at 1350° F, the va'Lues obtained for yield strength were more 
reliable , 

^ .Arbitrary rating in which A indicates virtual absence of sai'T— tooth 
effect and D indicates severe saw-tooth effect (fig. 8). 

5 Fired 10 min. 

6 Fired ? min. 

g Stress— strain graph continuously cxirved. 

Marks not visible at end of tests. 
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TABIJE II.- H 5 SUL 1 S CF TEl'KItE TESTS AT ROOM TExMPERATURE ON "AS RECEIVED" 
AND ON FIRED BUT LWIRSATED AliOY SPECBJENS 


Sped— 

man 

Alloy 

Fired 
5 rain 
at 
(°F) 

Yickers 

hardnesB 

no. 

0 . 2- per— 
cerrt off- 
set yield 
strength 
(pel) 

- ITltimate 
. tensile 
Btreiiguh 
(psi) 

1 

Break.ing 
L streii'Tth 
(psi) 

Elon- 
gation 
in 2 in, 
(percent) 

6-1 

19 - 92 L 

2000 

186 

48,100 

113,000 

108,700 

46 

6-4 

19 - 9 l^L 

1650 

224 

56,200 

120 . 100 

116,800 

3 % 

6-5 

19 - 9 DL 

— 

224 

56,000 

118, 200 

116,500 

3 ii 

8—1 

Inconel- 

2000 

137 

32,400 

91,700 

85,700 

43 i 

8-J4 

__ .do 

].o50 

]42 

36,800 

94,000 

89,000 


8-5 

do 

— 

150 

36,300 

94 , 700 

88,800 

^li 

12-1 

25-20 

2000 

168 

j 

42,700 

96, 200 

92,100 

46 

12-4 

25-20 

1650 

163 

1 46 , 200 

97,400 

92,900 

42 i 

12-5 

25-20 

— 

160 

47,600 

95,400 

86,500 

50 i 

13-1 

18-^STi 

2000 

138 

31,500 

88,800 

82,900 

59 i 

13-4 

l&-8STi 

1650 

142 

36,200 

89, 700 

83,700 

57 i 

13-5 

l8-6STi 

— 

138 

38,200 

89, 900 

8 i |-,900 

61 

17-1 

2520+25fei^ 

2000 

251 

40,300 

93,800 

86,200 

64 

17-^ 

2520+25^Si 

1650 

254 

45,300 

94,200 

90,200 

50 t 

17-5 

2520+2^8 i 

— 

247 

43,900 

95, 100 

65,400 

51 

18-1 

S— 3 i 6 ^ 

2000 

150 

69,600 

152,600 

152,200 

44 

18-4 

s-816 

1650 

148 

75,100 

146,300 

146,300 

21 | 

18-5 

S— 816 

— 

151 

72,900 

148,500 

148,500 

29 

19-1 

19-4 

s-590^ 

s-590 

2000 

1650 

220 

230 

57.200 

64.200 

126,500 

125,200 

126,500 

125,200 

32 * 

23 

19-5 

s- 59 >o 

— 

215 

66,600 

127,800 

127,800 

18 


^See appendix A for theimal history "as received." 
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TABLE III.- EESULTS OF SOME STRESS-EUPTURE TESTS ON COATED AND 
UNCOATSD SPECIMENS OF ALLOY 2520 AT 1350^ F 


Spec iinon 

Coating 

Tensile 

stress 

(psl) 

Atmosphere 

Duration 
of test 
(hr) 

12--1-B 

None 

8,000 

Air 

620 

12-1 

L- 7 C 

8,000 

do 

672 

12 - 2 -^B 

None 

10,000 

do 

309 

12-2 

I- 7 C 

10,0C0 

do 

293 

12 - 3 -B 

None 

12,000 

do 

168 

12-3 

L- 7 C 

12,000 

do 

12A 

12 - 4 -B 

None 

15,000 

1 

do 

1 

62 

12- J+ 

Ir- 7 C 

1 

15,000 

1 

do 

47 

12 - 8 -B 

None 

8,000 

do 

805 

12-6 

I/-6A 

8,000 

do 

850 

12 - 9 -B 

None 

10,000 

ao — 

362 

12-9 

l-6a 

10,000 

do 

3 ’H 

12 - 16 -B 

None 

12,000 

do 

267 

12-13 

do 

15,000 

do 

89 

12 -lO-B 

do 

8,000 

©2 

555 

12-10 

L- 6 a 

8,000 

O2 

636 

12 - 15 -B 

None 

8,000 

Steam 

785 

12-15 

l- 6 a 

8,000 

Steam 

963 
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TABIE IV,- RESUT.TS OF TENSILE TESTS AT ROOM TEMPERATURE ON 
COATED AND UNCOATED SPECLMEHS TREATED FOR 
VARIOUS TIMES IN HYDROGEN SUIFmE AT 1350° F 


Speciipen 

Alloy^ 

Coating 

Fired 
5 min 
at 

(Op) 

Treat- 
ment 
in HpS 
'hr) 

Tensile properties^ 

0 . 2— per- 
cent off- 
set yle3.d 
value 
(pai) 

Tensile 

strength 

(psi) 

Elon- 
gation 
in 2 in. 
(percent) 

18-3 

S-816 


1650 

62| 

59,400 

109, 200 


l8-4 

S-816 

L-7C 

1650 

62^ 

80,400 

131,900 

8 

18-5 

S-816 

H5AC 

2000 

62| 

71,900 

131,400 

13 

18-6 

S-816 



2000 


61, 400 

108,100 

16 

19-3 

S-59O 



3.650 

62| 

44,900 

80,000 

7 

19-4 

S-590 

Ir-7C 

1650 

62| 

76,300 

135,700 

7 

IS^ 

S-590 

H5AC 

2000 

62h 

58,100 

110,300 

11 

19-6 

S-590 

— 

2000 

62i 

40, 400 

75,600 

1 ry 

i( 

17-7 

2520+^iSi 

A-307 

1950 

101 

37,400 

74,200 

12 

n 

17-8 

2520+2?iSi 

— 

1950 

101 

19,500 

23,400 

2-3- 

17-9 

2520+ 2f^l 

A-309 

1750 

101 

40,000 

82,000 

15 

17-10 

2520+2^^61 

— 

1750 

101 

15,000 

15,400 

1 

1S^7 

S-590 

A-307 

1950 

101 

64,100 

107,000 

4i 

19-8 

S-590 

— 

1950 

101 

29, 100 

54,800 

6 

19-9 

S-590 

A-309 

3.750 

101 

76,400 

120,900 

4 

19-jO 

S-590 

... 

1750 

101 

32' 900 

62,100 

9 h 

18 — 1~ 86b 

S-816 

L-2A-1 

1750 

hn 

68,000 

109,700 

6-1- 

l8~2— 86 

S-816 

L-2A-2 

1750 

A71 

70,400 

120,900 


18-3 - 85B 

S— 816 

A-189-1 

1700 

kn 

47,000 

63,500 

1 

2 

18-2- 85B 

S-816 

A-189-2 

1700 

hn 

44,500 

65,200 

5 

18-2-86B 

S— 83.6 

A-305-1 

1700 

U71 

80, 3.00 

114,700 

5 

18-2-85 

s-816 

A-305-2 

3.700 

471 

72, 900 

108,700 

3| 

18-2-87 

s-816 

— 

1700 

471 

(^) 

(^) 

(=*) 

18-1-86 

s-816 


1800 

471 

i^) 


(^) 

19-90 

s-590 

L-2A-1 

1850 

189 

75,700 

118,900 

H 

19-2-95 

s-590 

L-2A-2 

1850 

189 

65,700 

114,800 

5 

19-2-9'® 

s-590 

A-189-1 

1700 

189 

64,700 

109,000 

3 

19-91 

s-590 

A-189-2 

1700 

189 

71,900 

114,700 

4-1 

19-2-90 

s-590 

A-305-1 

1700 

189 

72,500 

118,800 


19-2-96B 

s-590 

A-305-2 

1700 

189 

70,800 

119,400 

3| 

19-9OB 

s-590 

— 

1700 

189 

(2) 

(3) 

(^) 

19-2-9OB 

s-590 

— 

1850 

189 

— — 

860 

— — — — 


^See appendix A for thermal history "as recel'/ed." 
^assd on dimensions of specimens prior to treatment. 

^Specimen broke before testing. 



(a) 



All specimene approximately 
0.05” thick 



Figure 1,- Sketch of specimens used in the investigation of ceramic coatings. 

(a) Specimene used for heating vrithout load. 2 

(b) Specimens for heating without load followed by tensile tests at room w 

temperature. 

(c) Specimens for heating while under load. The 20-inch length provides for ^ 

gripping outside the fiirnace. 
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Figure 2.- Furnaces and lever systems for applying loads to 20-incIi specimens. 

The pair at the left are operating with a steam atmosphere supplied 
by water dripping into a flask containing a filler of broken ceramic material (w 

and heated with an electric hot ple.te. The pair in the middle have an air 
atmosphere, and the pair at the right are operating with an oxygen atmosphere 
supplied from separate tanks provided with regulators. 


NACA TN No. 1186 






(a) Before heat treatment. (b) After 300 hours at 1500°F in air. 



(c) After 500 hours. 


Figure 3.- Photomicrographs at 130X of coating 
L-6A on alloy 8-590., Note the deve- 
lopment of discontinuities that did not init- 
ially exist. This coating underwent consider- 
able deterioration during the first 300 hours 
with very little change in the next 300 hours. 

•>4 

H* 

OQ 


NACA TN No. 1186 




(b) After 200 hours. 


Figure 4,- Photomicrographs at- 120X of 
coating A-309 on alloy 8-816, 
showing little or no change during 500 
hours of heating in air at 1500°F. 


H- 

Oq 


(c) After 500 hours. 




J 
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(c) After 500 hours. 


Figure 5.- Photomicrographs at 120X of 

coating L-5AC on alloy S~816, 
showing a gradual healing of discontin- 
uities initially present as the speci- 
men was heated in air at 1500°F, 


H* 

CK) 

• 

CJl 
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500 


100 200 300 

Time of heating In air at 1500°F, hours 
Fitruxe 6.- Graph showing gain In weight, per unit surface area, gf seven ^coated 
alloys due to oxidation during heating In air at 1500 F for 500 hours. 
The gain In weight of 18-8 alloy beyond 200 hours Is not apparent because the oxide 
film flaked off In sufficient quantity to mask It. 


120 


c\i 

Q 


U) 


<D 


o 




8-590 

(no coating)^ 




— 5 


8-590 

L-4A coated 
(porous-low 
fired) 



c- 






8-590 ^ 
L-4A coated 
(vitreous- 
high fired) 



Time of heating in air at ISOO^F, hours 

Fitmre 7 - Graph showing oxidation of uncoated alloy 8-590 in terms ^f gain in weight, 
Figure 7. wapn^s^ surface area, when heated In air for 500 hours at 1500°F, and the 

Inhibition of such oxidation when a porous coating or a sealed vitreous coating is 
applied. 
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Figure 8.- Coated (C) and uncoated (U) epecimene of 19-9 DL 
alloy held under tensile stress of 5,000 pounds 
per square inch at 1350°F for 172 hours and subsequently 
broken in a short-time tension test at 1350 F (table I, 
test 5). Note irregular silhouette (saw-tooth effect) of 
uncoated specimen resulting from widening of cracks pro- 
duced in tension. 


Stress- 1000 pounds per sq. in. 
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coated specimens up to 672 hours. 




Coating 

A-189 


Coating 

A-305 


Coating 
L-2A 







Figure 10.- Specimens of alloy 8-590, coated and uncoated, whicb have been treated in an 
atmosphere of fioS for 189 hours at 1350^F, The uncoated specimens at the left 
were almost completely corroded. The other three pairs of specimens have three different 
coatings as indicated, single coat at the left euid double coat at the right in each pair. 
Attack through the coatings took the form of tubercules, which are apparent as light 
specks in the photograph. Note the decreasing number of such tubercules, indicating 
improved protective action of the coatings, from left to right. 
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(a) Condition of coating before tubercules had 
begun to form. Note discontinuities in the 
coating (probably caused largely by gas 
evolution from the metal during the firing 
process) . 



(c) Advanced stage of tubercule formation. 



(b) Early stage of tubercule formation. 


Figure 11.- Photomicrographs at 30X, showing 
development of tubercules. Areas 
shown are from specimen with coating A-305 
(see fig. 10), which was treated at 1350°F in 
K 28 for 189 hours, hocations of the tubercules 
are controlled by the locations of the origi- 
nal discontinuities. 
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a) No tubercules yet formed; corresponds 
to figure 11a. 


Cavities in the alloy beneath the 
tubercules caused by attack of the 
HgS atmosphere at 1350°F; corres- 
ponds to figure 11c. 


(c) SOX magnified view of coating L-2A 
(see fig. 10) which withstood 
treatment with little or no form- 
ation of tubercules. This photo- 
micrograph should be contrasted 
with figure 11c, which is a mag- 
nified view of coating A-305 
(see fig. 10) after formation 
of tubercules. 


Figure 12.- Photomicrographs at 30X, showing 
appearance of specimens shown in 
figure 11 after removal of coating by sand- 
blasting. 


NACA TN No. 1186 Fig, 12 



